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Abstrat
We ompute new population synthesis models of Lik absorption line
indies with variable α/Fe ratios and use them to derive average ages,
metalliities, and [α/Fe℄ element enhanements for a sample of 126
eld and luster early-type galaxies. Calibrating the models on galati
globular lusters, we show that any population synthesis model being
based on stellar libraries of the Milky Way is intrinsially biased towards
super-solar α/Fe ratios at metalliities below solar. We orret for this
bias, so that the models presented here reet onstant α/Fe ratios at all
metalliities. The use of suh unbiased models is essential for studies of
stellar systems with sub-solar metalliities like (extragalati) globular
lusters or dwarf galaxies.
For the galaxy sample investigated here, we nd a lear orrelation
between [α/Fe℄ and veloity dispersion. Zero-point, slope, and satter of
this orrelation turn out to be independent of the environment. Addi-
tionally, the [α/Fe℄ ratios and mean ages of elliptial galaxies are well
orrelated, i.e. galaxies with high α/Fe ratios have also high average
ages. This strongly reinfores the view that the [α/Fe℄ element enhane-
ment in elliptials is produed by short star formation timesales rather
than by a attening of the initial mass funtion. With a simple hemial
evolution model, we translate the derived average ages and α/Fe ratios
into star formation histories. The more massive the galaxy, the shorter
is its star formation timesale, and the higher is the redshift of the bulk
of star formation, independent of the environmental density. We show
that this nding is inompatible with the preditions from hierarhial
galaxy formation models, in whih star formation is tightly linked to the
assembly history of dark matter halos.
1 Introdution
The stellar population properties of early-type galaxies represent a key hal-
lenge for theories of galaxy formation. In hierarhial models of galaxy for-
mation, more massive galaxies have longer assembly timesales and therefore
younger mean ages (Kaumann 1996). Without taking metalliity eets into
aount, this results in more massive galaxies having bluer olors in ontra-
dition to the observational evidene (Bower, Luey, & Ellis 1992). It is well
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known, that metalliity an be traded for age. Therefore, by assuming that
metalliities steeply inrease with the mass of the galaxy, the blueing due to
age eets an be masked by metalliity. In this way hierarhial galaxy for-
mation models are able to produe the orret slope of the olor magnitude
relation (Kaumann & Charlot 1998). It remains open, however, if the or-
ret ages of early-type galaxies are predited. A meaningful test of the model
must inlude the diret omparison of predited and observed ages.
A powerful tool to derive ages and metalliities are absorption line in-
dies (Worthey 1994). Under the assumption that the stellar populations
of elliptials do not exhibit a signiant spread in metalliity (Maraston &
Thomas 2000), a ombination of the Lik indies Hβ, Mg b, and 〈Fe〉 =
(Fe5270+ Fe5335)/2 (Faber et al. 1985) serves to disentangle age and metal-
liity. Still, this approah is hampered by the fat that the data of elliptial
galaxies lie below the models in the Mg b-〈Fe〉-index diagram (e.g., Worthey,
Faber, & González 1992; Davies, Sadler, & Peletier 1993). More preisely,
the Mg lines observed in elliptial galaxies are strongerat a given Fe line
strengththan predited by population synthesis models. As a onsequene,
Mg line indies yield higher metalliities and younger ages than the Fe line
indies, whih indiates the presene of [α/Fe℄ enhaned stellar populations.
This interpretation gets empirial support from the work of Maraston et al.
(2002), who nd that metal-rih globular lusters of the Bulge with inde-
pendently known super-solar [α/Fe℄ ratios exhibit the same pattern in the
Mg b-〈Fe〉 and Mg2-〈Fe〉 diagrams. A non-ambiguous derivation of ages there-
fore requires population synthesis models with variable α/Fe ratios, and the
onsideration of the 3-dimensional parameter spae of Balmer, Mg, and Fe
lines.
The paper is organized as follows. In Setion 2 we present the main in-
gredients of our population synthesis models, whose alibration on globular
lusters is shown in Setion 3. The ages, metalliities, and α/Fe ratios of
early-type galaxies are derived and presented in Setion 4. A omparison of
these results with the preditions from models of hierarhial galaxy forma-
tion is shown in Setion 5. The main onlusions of this paper are disussed
and summarized in Setions 6 and 7.
2 New Population Synthesis Models
The lassial input parameters for population synthesis models are age and
metalliity. In this paper, we introdue the element abundane ratio α/Fe as
a third input parameter. For the onstrution of the α/Fe-enhaned simple
stellar population (SSP) models we use the SSP models of Maraston (1998,
2002) as the base models, whih we then modify aording to the desired α/Fe
ratio. In the following we summarize the proedure and introdue the main
input parameters. For a more detailed presentation of the model we refer to
Thomas, Maraston, & Bender (2002).
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2.1 The base SSP model
The underlying solar-saled SSP models are presented in Maraston (1998,
2002). In these models, the fuel onsumption theorem (Renzini & Buzzoni
1986) is adopted to evaluate the energetis of the post main sequene phases.
The input stellar traks (solar abundane ratios) with metalliities from 1/200
to 2 solar, are taken from Cassisi, Castellani, & Castellani (1997), Bono et
al. (1997), and S. Cassisi (1999, private ommuniation). The traks with 3.5
solar metalliity are taken from the solar-saled set of Salasnih et al. (2000).
Lik indies are omputed by adopting the tting funtions of Worthey et al.
(1994).
2.2 Element abundane variations
We onstrut models with super-solar α/Fe ratios by inreasing the abun-
danes of the α-elements (i.e. N, O, Mg, Ca, Na, Ne, S, Si, Ti) and by de-
reasing those of the Fe-peak elements (i.e. Cr, Mn, Fe, Co, Ni, Cu, Zn), suh
that total metalliity is onserved (Trager et al. 2000a). The abundanes of
Carbon and all elements heavier than Zin are assumed not to vary. It is im-
portant to notie that super-solar α/Fe ratios at onstant total metalliity are
aomplished mainly through a depletion of the Fe-peak element abundanes,
beause total metalliity is made up predominantly by oxygen and the other
α-elements.
2.3 Eets on absorption line indies
The abundane variations of individual elements in the stellar atmospheres
ertainly impat on the observed absorption-line strengths of a stellar pop-
ulation. This eet represents the prinipal ingredient in the present α/Fe-
enhaned models. The variations of the Lik absorption line indies owing to
the element abundane hanges desribed in the previous setion are taken
from Tripio & Bell (1995; hereafter TB95).
TB95 omputed model atmospheres and syntheti spetra along a 5 Gyr-
old isohrone with solar metalliity, alternately doubling the abundanes of
the elements C, N, O, Mg, Fe, Ca, Na, Si, Cr, Ti, Mn, Ni, and V. Note that
total metalliity is not onserved but slightly inreased. The impat of the
abundane variations on the temperature of the isohrone is on purpose not
onsidered by TB95. All models are based on the same isohrone with xed
Teff and log g distributions, so that the abundane eets are isolated at a
given temperature and surfae gravity.
On the model atmospheres dened by these parameters, TB95 measure
the absolute Lik index value ITB950 and the index hange ∆I(i)
TB95
, for the
variation of the abundane of element i. From these numbers one obtains the
frational index hange (response funtion) R0.3(Xi) = ∆I(i)
TB95/ITB950 of
the index I due to the enhanement of the abundane of element i by 0.3 dex.
Following Trager et al. (2000a), the total frational hange δITB95 of the
index I when enhaning all α-elements and depressing all Fe-peak elements
3
an then be written as the produt of the frational hanges due to individual
element abundane variations:
δITB95 =
{∏
i
[1 +R0.3(i)]
([Xi/H]/0.3)
}
− 1 (1)
In this equation, [Xi/H] is the hange of the abundane ratios of element i
over Hydrogen relative to the solar value. This equation assumes that the
perentage index hange is onstant for eah step of 0.3 dex in abundane,
whih assures that index values approah zero graefully (Trager et al. 2000a).
The index variation ∆I of the index I is then given by the produt of
the total frational index hanges δITB95 from TB95 and the value of the
index I. Note, however, that δITB95 is alulated in TB95 for Z = Z⊙, so
that this proedure is in priniple only valid for metalliities reasonably lose
to solar. Indeed, with this presription the α/Fe ratios of galati globular
lusters annot be reprodued, the frational index hanges given by TB95
turn out to be by far too small at metalliities Z ≪ Z⊙. As a rst-order
approximation, we therefore assume that the absolute index hange alulated
by TB95 at solar metalliity is onserved when going to lower metalliities.
At super-solar metalliities we adopt the frational index hanges of TB95.
The index variation∆I for the index I for given element abundane variations
[Xi/H] is then
∆I =
{
δITB95 × I if Z ≥ Z⊙ (fractional)
δITB95 × ITB950 if Z < Z⊙ (absolute)
(2)
As response funtions for metalliities dierent from solar are not avail-
able, this is the most straightforward approximation at present. It is further
supported by the fat that the α/Fe ratios we derive for galati globular
lusters from their Lik indies Mg2, 〈Fe〉, and Hβ are in very good agree-
ment with independent spetrosopi high-resolution measurements as shown
in Setion 3.
It should also be emphasized that at metalliities relevant for early-type
galaxies and metal-rih globular lusters, i.e. −0.5 ≤ [Z/H] ≤ 0.5, the dier-
ene between frational response and absolute response in Eqn. 2 has only a
marginal eet on the resulting SSP models (see Thomas et al. 2002).
TB95 ompute the variations of the individual Lik indies on model at-
mospheres with well dened values of temperature and gravity. These val-
ues are hosen to be representative of the three evolutionary phases dwarfs
(Teff = 4575 K, log g = 4.6), turno (Teff = 6200 K, log g = 4.1) and giants
(Teff = 4255 K, log g = 1.9), on the 5 Gyr, solar metalliity isohrone used
by the authors.
We separate the turno region from the dwarfs on the Main Sequene
at 5000 K, independent of age and metalliity. Note that the impat on
the nal model from varying this temperature ut-o as a funtion of age and
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metalliity is negligible (Thomas et al. 2002). We assign the Sub Giant Branh
phase to the turno beause of the very similar Teff and g. The evolutionary
phase `giants' onsist of the Red Giant Branh, the Horizontal Branh, and
the Asymptoti Giant Branh phases. The Lik indies are omputed for
eah evolutionary phase separately, and modied aording to the response
funtions presented in Eqn. 2. The total integrated index of the SSP is then
ISSP =
ID × FDC + I
T × FTC + I
G × FGC
FDC + F
T
C + F
G
C
, (3)
where ID, IT, IG are the integrated indies of the three phases, and FDC , F
T
C ,
FGC are their ontinua. It an be easily veried that Eqn. 3 is mathematially
equivalent to
ISSP = ∆
(
1−
∑
i F
i
L∑
i F
i
C
)
, (4)
whih denes integrated indies (in EW) of SSPs. In Eqn. 4 F iL and F
i
C are
the uxes in the line and the ontinuum (of the onsidered index), for the i-th
star of the population, ∆ is the line width.
2.4 The α/Fe bias of stellar libraries
In population synthesis models, the link between Lik absorption line indies
and the stellar parameters temperature, gravity, and metalliity is provided
by stellar libraries that inevitably reet the hemial history of the Milky
Way
1
. This implies that every population synthesis model suers from a bias
in the α/Fe ratio, i.e. the model does not reet solar α/Fe at all metalliities
(Borges et al. 1995). From the abundane patterns of the Milky Way stars
(see the review by MWilliam 1997 and referenes therein), we know that
the underlying α/Fe ratio is solar at Z = Z⊙ and inreases with dereasing
metalliity to [α/Fe] ≈ 0.3 at Z ≤ Z⊙/10.
Table 1: The α/Fe Bias in the Milky Way
[Z/H℄ −2.25 −1.35 −0.33 0.00 0.35 0.67
[α/Fe℄ 0.40 0.30 0.10 0.00 0.00 0.00
In this paper we onstrut SSP models for dierent α/Fe with the aid of
the index response funtions as desribed in the previous setions. With this
proedure it is straightforward to orret for the bias given by the hemial
history of our Galaxy (see Table 1). The values in Table 1 are in exellent
agreement with the bias derived by Maraston et al. (2002) with the aid of
the tting funtions of Borges et al. (1995). By orreting for this bias we
1
In our (and most) population synthesis models this link is given by the so-alled tting
funtions of Worthey et al. (1994).
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present for the rst time SSP models that have a onstant α/Fe ratio at all
metalliities. The use of suh models is partiularly important for the inter-
pretation of metal-poor stellar systems like (extragalati) globular lusters
or dwarf spheroidal galaxies.
2.5 The eet of α/Fe-enhaned stellar traks
In priniple the element abundane variations in a star aet also the star's
evolution and the opaities in the stellar atmosphere, hene the eetive tem-
perature. A fully onsistent α/Fe-enhaned SSP model should therefore on-
sider α-enhaned stellar evolutionary traks. The impat of non-solar α/Fe
ratios on stellar evolution, however, was very ontroversially disussed in the
literature (see disussion in Trager et al. 2000a). In partiular, we are still
missing a homogeneous set of stellar traks with non-solar abundane ratios
using onsistent opaities, that are omputed for a large range in metalliities.
Salasnih et al. (2000) omputed α/Fe-enhaned stellar traks for metalliities
Z > 1/2 Z⊙, while Bergbush & VandenBerg (2001) reently published α/Fe-
enhaned stellar traks for metalliities Z < 1/2 Z⊙. It would be valuable
to have one set of models that inludes sub-solar metalliities for alibration
purposes on globular lusters and super-solar metalliities for the appliation
on early-type galaxies.
Nevertheless, in Thomas et al. (2002) we additionally ompute models in
whih the α/Fe-enhaned stellar traks of Salasnih et al. (2000) are inluded
at metalliities above 1/2 solar. The lower opaities of the α/Fe enhaned
traks lead to hotter isohrones, so that with these models we derive un-
reasonably high (∼ 30 Gyr) ages for early-type galaxies. Unfortunately, a
alibration of the model with the α/Fe-enhaned traks of Salasnih et al.
(2000) on globular lusters is not possible, beause metalliities below 1/2
solar are missing. We therefore do not onsider α/Fe-enhaned stellar traks
in the models presented here.
3 Calibration on Globular Clusters
In this setion we show the alibration of our α/Fe-enhaned SSP models on
galati globular lusters. We derive [α/Fe℄ ratios and metalliities from the
Mg2 and Fe5270/Fe5335 indies of the globular lusters observed by Covino,
Galletti, & Pasinetti (1995). These are then ompared with independent spe-
trosopi measurements from individual stars in these lusters, taken from the
ompilations by Carney (1996) and Salaris & Cassisi (1996). We restrit our
study to the data of Covino et al. (1995), beause they give very onsis-
tent measurements of the indies Fe5270 and Fe5335 for all globulars (exept
NGC 6356), whih is not the ase for the data of Trager et al. (1998).
We do not use the Hβ index, but assume a xed age of 12 Gyr for the
following reason. In Maraston, Greggio, & Thomas (2001) it is shown that,
beause of the appearane of hot horizontal branh stars at very low metallii-
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ties, Hβ does not monotonially derease with inreasing age for [Fe/H] ≤ −1,
but has a minimum at t ≈ 12 Gyr. As a onsequene, the age determination
through Hβ is ambiguous at very low metalliities. Moreover, assuming the
galati globular lusters to be uniformly old, their Hβ indies and in par-
tiular the strong inrease of Hβ with dereasing metalliity an be perfetly
reprodued with our models (Maraston & Thomas 2000). Note also that the
galati globular lusters are found to be oeval independent of their metal-
liities (Rosenberg et al. 1999; Piotto et al. 2000). The ages derived from
olor-magnitude diagrams lie between 9 and 14 Gyr (VandenBerg 2000). The
exat assumed age does not impat on the α/Fe ratios derived here, beause
of the mild derivatives with age of the Mg and Fe indies at old ages.
3.1 Mg
2
and Fe indies
Figure 1: Index-index diagram Fe5335 vs. Mg2. Squares and triangles are
galati globular luster data from Covino et al. (1995). Typial error bars
for these data are shown in the lower-right orner of the diagram. Squares
are those lusters for whih independent measurements of [α/Fe℄ are given in
Carney (1996) and Salaris & Cassisi (1996). The irles are early-type galaxies
from Beuing et al. (2002). The lines are 12 Gyr SSP models in the metalliity
range −2.25 ≤ [Z/H] ≤ 0.67. The dotted lines are the underlying SSP models
of Maraston (1998, 2002), whih are biased in α/Fe, i.e. they reet super-
solar α/Fe ratios at sub-solar metalliities (see Setion 2.4). The dashed and
solid lines are the unbiased SSP models of this paper for [α/Fe] = 0.0 and
[α/Fe] = 0.3 at all metalliities, respetively.
Fig. 1 shows data of galati globular lusters from Covino et al. (1995) as
triangles and squares in the Mg2-Fe5335 plane. Squares are those lusters for
whih independent measurements of [α/Fe℄ are given in the literature. SSP
models of xed age (12 Gyr) and metalliities −2.25 ≤ [Z/H] ≤ 0.67 are over-
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plotted. The dotted line are the underlying SSP models of Maraston (1998,
2002). These modelslike other SSP models in the literature (Buzzoni, Gari-
boldi, & Mantegazza 1992; Buzzoni, Mantegazza, & Gariboldi 1994; Worthey
1994; Tantalo et al. 1996; Vazdekis et al. 1996; Kurth, Fritze-von Alvensleben,
& Frike 1999; and others)are biased in α/Fe, i.e. they reet super-solar
α/Fe ratios at sub-solar metalliities (see Setion 2.4). Therefore, at the lowest
metalliities, the models predit weaker Fe-indies than observed in globular
lusters. The dashed and solid lines are the unbiased SSP models of this paper
for [α/Fe] = 0.0 and [α/Fe] = 0.3 at all metalliities, respetively. The glob-
ular luster data lie between these two models, indiating super-solar α/Fe
ratios in agreement with independent spetrosopi measurements of single
stars in these lusters (see next setion).
We note that it is very unlikely that the exess of Fe measured in the
globular lusters an be explained by anomalies in the horizontal branh mor-
phologies, i.e. lusters with larger Fe have relatively red horizontal branhes
for their metalliities. The lusters onsidered here do not show suh an eet.
The HBR parameter dened by Lee (1990), whih essentially is a measure for
the fration of horizontal-branh stars on the blue side of the RR Lyrae region,
indiates blue horizontal branhes for all metal-poor lusters in the Covino et
al. (1995) sample (Harris 1996).
3.2 The α/Fe ratios
In Fig. 2 we plot the [α/Fe℄ ratios derived for the Covino et al. (1995) lusters
versus their total metalliities [Z/H℄ (lled symbols). Both these quantities
are determined with our models desribed in Setion 2. The lled squares
are those lusters for whih the [α/Fe℄ ratios are known from independent
spetrosopi measurements of individual stars. These values are plotted as
open squares. The bottom panel shows the deviation of our determinations
from the literature: ∆[α/Fe] = [α/Fe]ThisWork − [α/Fe]lit. The left and right
panels show the results for the Fe5270 and Fe5335 indies, respetively.
Within the errors, the values for [α/Fe℄ derived with our models are in
good agreement with independent spetrosopi measurements in single stars.
Both Fe indies yield onsistent α/Fe ratios, although the errors (partiular in
Fe5270) are unomfortably large. A more aurate alibration would ertainly
require data of better quality. For the entire Covino et al. (1995) sample
we nd [α/Fe] ≈ 0.2 − 0.4, independent of metalliity. This result strongly
supports the view that the galati globular luster population formed early
in a short (< 1 Gyr) star formation episode, so that no signiant trend of
age and α/Fe with metalliity is detetable.
For the appliation of the models to early-type galaxies a alibration at
solar and super-solar metalliities is desirable. For a sample of bulge lusters
with metalliities up to solar (Maraston et al. 2002; Puzia et al. 2002), we
derive abundane ratios 0.2 ≤ [α/Fe] ≤ 0.4, whih are in good agreement
with independent spetrosopi element abundane measurements in these
lusters (see Maraston et al. 2002 and referenes therein).
8
Figure 2: Abundane ratios [α/Fe℄ as a funtion of metalliity [Z/H℄ for gala-
ti globular lusters. Filled triangles and squares are the Covino et al. (1995)
sample for whih we determined [α/Fe℄ and [Z/H℄ with our SSP models us-
ing Mg2 and Fe5270 (left panel) or Fe5335 (right panel). Squares are those
lusters for whih independent measurements of [α/Fe℄ are given in Carney
(1996) and Salaris & Cassisi (1996). The literature values are plotted as open
squares. The bottom panel shows the deviation of our determinations from
the literature: ∆[α/Fe] = [α/Fe]ThisWork − [α/Fe]lit.
4 Key Parameters of Early-Type Galaxies
4.1 Data sample
We analyze a sample of 126 early-type galaxies, 71 of whih are eld and 55
luster objets, ontaining roughly equal frations of elliptial and lentiular
(S0) galaxies. The sample is onstruted from the following soures: 41 Virgo
luster and eld galaxies (González 1993), 32 Coma luster galaxies (Mehlert
et al. 2000), and 53 mostly eld galaxies (highest quality data from Beuing
et al. 2002) seleted from the ESOLV atalog (Lauberts & Valentijn 1989).
In the latter sample, objets with a loal galaxy surfae density NGT > 9 are
assumed to be luster galaxies. NGT is given in Lauberts & Valentijn (1989)
and is the number of galaxies per square degree inside a radius of one degree
around the onsidered galaxy.
In Fig. 3 we show as lled irles the Lik absorption line indies Hβ,
Mg b, and 〈Fe〉 = (Fe5270+Fe5335)/2 of the sample measured within 1/10 re.
Overplotted are our models with [α/Fe] = 0.0 as dotted lines and [α/Fe] = 0.3
as solid lines for the metalliities [Z/H] = 0.0, 0.35, 0.67 and for the ages
t = 2, 3, 5, 10, 15 Gyr (see the labels in the top-right, and bottom panels).
Note that the models with [α/Fe] = 0.0 are idential with the original SSP
models of Maraston (1998, 2002), as we do not assume any α/Fe bias at these
metalliities (see Table 1). The Mg b indies of the α/Fe-enhaned model are
9
Figure 3: Three-dim. parameter spae of the Lik indies Hβ, Mg b, and
〈Fe〉 = (Fe5270 + Fe5335)/2. The lled irles are the early-type galaxies
analyzed in this paper, taken from González (1993), Mehlert et al. (2000), and
Beuing et al. (2002). Index values are measured within 1/10 re. Our models
with [α/Fe] = 0.0 and [α/Fe] = 0.3 are plotted as dotted and solid lines,
respetively. Models of onstant ages t = 2, 3, 5, 10, 15 Gyr and metalliities
[Z/H] = 0.0, 0.35, 0.67 are shown (see labels in the top right, and bottom
panels).
higher, and the 〈Fe〉 indies are lower, while Hβ inreases only marginally. At
metalliities lose to solar, the frational index hanges are only very little
dependent on age and metalliity. Therefore, the shape of the model grid is
almost invariant under hanges of α/Fe.
By means of our α/Fe-enhaned population synthesis models, we an now
uniquely determine the average ages, metalliities, and α/Fe ratios from the
observed absorption indies Hβ, Mg b, and 〈Fe〉.
4.2 The α/Fe ratios
In Fig. 4 we plot the element abundane ratio [α/Fe℄ as funtions of veloity
dispersion σ (left panel) and mean age (right panel). Grey and blak symbols
are eld and luster early-type galaxies, respetively. Triangles are lentiular,
irles elliptial galaxies. Squares are the Coma D galaxies NGC 4874 and
NGC 4889.
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Figure 4: Element abundane ratio [α/Fe℄ as a funtion of veloity dispersion
σ (measured within 1/10 re) and mean age. Grey and blak symbols are eld
and luster early-type galaxies, respetively. Triangles are lentiular, irles
elliptial galaxies. The two squares are the Coma D galaxies NGC 4874
and NGC 4889. Mean ages and abundane ratios are derived with [α/Fe℄
enhaned SSP models desribed in Setion 2 from the indies Hβ, Mg b, and
〈Fe〉 = (Fe5270 + Fe5335)/2 measured within 1/10 re. Typial error-bars
are given in the bottom-right orners. Galaxy data are taken from González
(1993), Mehlert et al. (2000), and Beuing et al. (2002).
As antiipated qualitatively by Fisher, Franx, & Illingworth (1995), the
[α/Fe℄ ratio and σ are well orrelated, in agreement with the study of Trager
et al. (2000b). Additionally, we nd that zero-point, slope, and satter of
this relation are the same for eld and luster galaxies. This result extends
the disovery that the Mg-σ relation is independent of environmental den-
sity (Bernardi et al. 1998; Colless et al. 1999), and may provide a deeper
understanding of the origin for the Mg-σ relation.
The inrease of [α/Fe℄ as a funtion of galaxy mass an be explained by
either a attening of the initial mass funtion (IMF) or by a shortening of the
star formation timesale with inreasing galaxy mass (e.g., Matteui 1994;
Thomas, Greggio, & Bender 1999). The additional onsideration of average
ages helps to disentangle this degeneray. The right panel of Fig. 4 shows that
the [α/Fe℄ element enhanement orrelates with the average age of the galaxy,
suh that objets with higher α/Fe tend to be older. If IMF variations were
the main ause for the observed α/Fe ratios, we would not expet to nd
suh a trend. In partiular, the lak of old objets with low α/Fe in all
environments ould not be easily understood. This non-detetion strongly
supports the onlusion that formation timesales rather than IMF variations
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are the driving mehanism for the [α/Fe℄-σ relation.
We onlude that the depth of the potential well, measured through the
veloity dispersion, denes the star formation timesales in early-type galaxies
and hene their α/Fe ratios, independent of the environment. If α/Fe ratios
are the main driver for the Mg-σ relation, its independene of the environment
is then easily understood through the link between potential well and star
formation timesale.
From Fig. 4 it an be seen that the orrelation between mean [α/Fe℄ and
mean age is well dened for all luster elliptials. For the two Coma D galax-
ies and roughly 15 per ent of the eld elliptials and lentiular galaxies we
derive ages below 5 Gyr and [α/Fe] ≥ 0.3. Naively interpreted, the oexis-
tene of low ages and high α/Fe ould imply that the majority of stars in
these objets were formed reently on a short timesale. However, this is very
implausible. More likely explanations are:
• Metal-poor subomponent. Old, metal-poor stellar populations develop
hot horizontal branhes, whih lead to rather strong Balmer absorption
despite the old age. A omposite stellar population that inludes a small
fration of metal-poor stars an explain the Balmer absorption of these
objets (Hβ ≈ 2) without invoking young ages (Maraston & Thomas
2000). In this ase the derivation of young average ages is an artifat,
the galaxy is about 15 Gyr old, formed its stars on a short timesale
and is therefore α/Fe-enhaned.
• Reent star formation. The objet formed most of its stars at high
redshift and suered very reently (∼ 300 Myr ago) from a minor (a few
per ent in mass) star formation episode. As a onsequene, the objet
has a very young V -light averaged age, but also a very low average α/Fe
beause of the Fe enrihment from Type Ia supernovae of the underlying
old population (Thomas et al. 1999). In this ase, the seemingly large
α/Fe derived here is an artifat, as omposite stellar populations with
a major old and a very small very young subomponent an mimi the
existene of α/Fe-enhanement (Kuntshner 2000). This eet omes
from the dierent partial time derivatives of the Mg and the Fe indies
at ages below 1 Gyr. We note the aveat, however, that the tting
funtions, and therefore also the population synthesis models, are not
valid at suh low ages (Buzzoni et al. 1994; Worthey et al. 1994).
4.3 The ages
The orrelation of α/Fe with both σ and average ageessentially valid for ellip-
tial galaxiesimplies a relation between average age and veloity dispersion.
Both in lusters and in the eld, more massive objets are older.
This result is better illustrated in Fig. 5, in whih the age distributions
of elliptial galaxies with veloity dispersions above and below 200 km/s are
shown as the shaded and grey histograms, respetively. More than 50 per
ent of the low-mass elliptials, but only 10 per ent of the massive elliptials,
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Figure 5: Age distributions of elliptial galaxies with veloity dispersions
above (shaded histogram, 43 objets) and below (grey histogram, 25 objets)
200 km/s. The histograms inlude both luster and eld galaxies.
have average ages younger than 5 Gyr. The trend of massive elliptials being
older is in agreement with a reent study by Poggianti et al. (2001a) of a large
number of Coma luster galaxies. We add the important onlusion that this
orrelation is an intrinsi property of elliptial galaxies and does not depend
on the environment.
It is interesting to note that lentiular galaxies do not follow this trend.
There is a onsiderable fration of S0 galaxies with σ > 200 km/s, for whih we
derive relatively young average ages (< 5Gyr). This might indiate reent star
formation episodes in suh objets as onluded by Poggianti et al. (2001b)
or the existene of metal-poor subpopulations (Maraston & Thomas 2000; see
the previous setion).
4.4 Star formation histories
The relations shown in Fig. 4 an be used to onstrain the epohs of the main
star formation episode and the star formation timesales for objets as a fun-
tion of their veloity dispersions. Assuming a Gaussian distribution for the
star formation rate, we alulate the hemial enrihment of α and Fe-peak
elements for an initially primordial gas loud. The delayed enrihment from
Type Ia supernovae is taken into aount using the presription of Greggio
& Renzini (1983; see Thomas, Greggio, & Bender 1998, 1999 for more de-
tails). The simulations are done for a set of dierent star formation histories
(Gaussians) varying the star formation timesale (width) and the lookbak
time of the maximum star formation (peak). For this set of star formation
histories we ompute the V -light averaged ages and [α/Fe℄ ratios of the result-
ing omposite stellar population today. These an be diretly ompared with
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Figure 6: Star formation rates as funtions of lookbak time for early-type
galaxies with dierent veloity dispersions σ between 100 km/s and 300 km/s.
The star formation histories are derived from the mean ages and [α/Fe℄ ratios
shown in Fig. 4 (see text). Redshifts assume Ωm = 0.2, ΩΛ = 0.8, H0 = 65
km/s/Mp.
the observationally derived values plotted in Fig. 4. Finally, the Gaussians
are linked to veloity dispersion using the relation between σ and [α/Fe℄ (left
panel of Fig. 4).
The resulting star formation rates as a funtion of lookbak time are shown
in Fig. 6. The upper y-axis gives the orresponding redshifts assuming Ωm =
0.2, ΩΛ = 0.8, and H0 = 65 km/s/Mp. The more massive the galaxy, the
shorter is its formation timesale and the higher is its formation redshift.
Galaxies with σ < 140 km/s exhibit signiant star formation at redshifts
z < 1. The star formation histories shown in Fig. 6 are in priniple derived
for luster elliptials, but are also valid for the bulk of eld elliptials and S0
galaxies, as only roughly 15 per ent deviate from the [α/Fe℄-age relation in
Fig. 4.
Most interestingly, objets are observed at high redshifts whose proper-
ties are onsistent with the abundane ratios and star formation histories
derived in this paper. At least part of the SCUBA soures at 2 ≤ z ≤ 3
turn out to be star forming galaxies with extremely high star formation rates
up to 1000 M⊙/yr (de Mello et al. 2002; Smail et al. 2002). They are di-
ult to detet in the optial rest-frame beause they are enshrouded in dust.
These objets are likely to be the preursors of the most massive elliptials
(σ ≈ 300 km/s) forming in a violent star formation episode at high redshift.
Ly-break galaxies, instead, exhibit more moderate star formation rates of the
order a few 10 M⊙/yr (Pettini et al. 2001), and may therefore be the pre-
ursors of less massive elliptials (σ ≈ 200 km/s). In a reent work, Pettini
et al. (2002) analyze deep Kek spetra of the lensed Ly-break galaxy B58
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at redshift z = 2.73 (Seitz et al. 1998). They nd the interstellar medium to
be signiantly α/Fe-enhaned, whih is in good agreement with the α/Fe-
enhanement derived in this paper for the stellar population of loal elliptial
galaxies.
5 Hierarhial Galaxy Formation
The element abundane ratios 0.2 ≤ [α/Fe] ≤ 0.4 derived in this paper for
massive (σ > 200 km/s) early-type galaxies require star formation timesales
below ∼ 1 Gyr (see Fig. 6). In models of hierarhial galaxy formation, how-
ever, star formation in elliptials typially does not trunate after 1 Gyr, but
ontinues to lower redshift (Kaumann 1996). It is therefore questionable
if hierarhial lustering would lead to signiantly α/Fe-enhaned giant el-
liptials (Bender 1996). In a more quantitative investigation, Thomas et al.
(1999) ompute the hemial enrihment in mergers of evolved spiral galaxies,
and show that suh a merger does not produe signiantly super-solar α/Fe
ratios. This predition is onrmed observationally by the study of Maraston
et al. (2001), who nd that the newly formed globular lusters in the merger
remnant NGC 7252 and the integrated light of the galaxy are indeed not
α/Fe-enhaned.
So far, semi-analyti models have not onsidered this onstraint. Thomas
(1999) demonstrates that the average star formation history of luster ellipti-
als within the hierarhial formation sheme leads to [α/Fe] ∼ 0.04, a value
that learly lies below the observational estimates in Fig. 4. In Thomas &
Kaumann (1999), we follow this aspet in more detail by taking the star for-
mation histories of individual Monte Carlo realizations of elliptial galaxies
into aount. This allows us to explore the distribution and the satter of
the α/Fe ratios among the galaxies as they are predited by the semi-analyti
models. We alulate the hemial enrihment of losed box systems for the
star formation rate predited by semi-analyti models. Both modes of star
formation, the quiesent and the merger indued burst omponents, are taken
into aount. A universal Salpeter IMF slope x = 1.35 is assumed. The simu-
lations in this analysis are for a old dark matter power spetrum with Ω = 1,
H0 = 50 km/s/Mp, and σ8 = 0.67. For more details please refer to Thomas
& Kaumann (1999) and Thomas (1999).
In Fig. 7, we plot the resulting [α/Fe℄ ratios of elliptial galaxies as a fun-
tion of their V -magnitudes. The observationally derived [α/Fe℄ ratios from
Fig. 4 are indiated as the grey shaded area. The satter in α/Fe predited
by the hierarhial models is large beause of the relatively large variety of
formation histories omprising star formation timesales from 109 to 1010 yr.
The gure reveals a striking failure of the hierarhial model: More lu-
minous elliptials are predited to have lower α/Fe ratios. The opposite is
observed. As a onsequene, the α/Fe ratios predited by the hierarhial
models for massive elliptial galaxies are signiantly below the observed val-
ues. These problems are diretly related to the hierarhial lustering sheme,
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Figure 7: Absolute V -magnitude vs. [α/Fe℄ ratio. Points are early-type galax-
ies modeled in the framework of hierarhial galaxy formation (Thomas &
Kaumann 1999). Halos with irular veloities Vc = 1000 km/s are onsid-
ered, orresponding to luster environments. The grey shaded area indiates
the range of [α/Fe℄ values derived in this paper from observed absorption line
indies (see Fig. 4).
in whih the largest objets form last and have therefore more extended star
formation histories. This hierarhial paradigm leads also to the predition
of an age-mass anti-orrelation (Kaumann & Charlot 1998), whih again
stands in lear ontradition to the observational evidene that early-type
galaxies with larger veloity dispersions tend to have higher average ages (see
Setion 4.2).
6 Disussion
As reently summarized by Peebles (2002), the arguments of this paper are
aompanied by a number of evidenes from the tightness and redshift evolu-
tion of the saling relations of early-type galaxies. Both push the formation
ages of the stellar populations in large elliptial galaxies to redshifts z > 2
(e.g., Bower et al. 1992; Bender, Burstein, & Faber 1993; Renzini & Ciotti
1993; Bender, Ziegler, & Bruzual 1996; Kodama, Bower, & Bell 1999; Ziegler
et al. 1999). These ndings are not aomplished by standard hierarhial
models.
At least part of the reason for this failure may be onneted to the way how
non-baryoni dark matter and baryoni matter are linked. In urrent models,
star formation is tightly linked to the assembly history of dark matter halos, so
that galaxies with longer assembly times also form stars on longer timesales.
In a reent paper, Granato et al. (2001) present a promisingeven though
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more heuristiapproah, in whih star formation is enhaned in massive
systems. The resulting 'anti-hierarhial baryoni ollapse' leads to higher
formation redshifts and shorter formation timesales of the stellar populations
in massive objets. A modiation of this kind is ertainly the right step
towards reoniling hierarhial models with the onstraints set by the stellar
populations properties of early-type galaxies. Still, this modiation may not
be suient to harmonize hierarhial galaxy formation with the onlusion
of Gerhard et al. (2001), who argue that the very high ore densities of the
halos of elliptial galaxies push also the ollapse of their dark matter halos
(not only of their baryoni matter) to high redshifts.
7 Summary
In this paper we derive the entral average ages, metalliities, and α/Fe ratios
for 126 early-type galaxies from both luster and eld environments.
For this purpose we develop new population synthesis models with variable
α/Fe ratios, that allow for the derivation of these stellar population param-
eters from the Lik absorption line indies Hβ, Mg b, and 〈Fe〉. The models
are based on the SSP models of Maraston (1998, 2002). The eet from
varying the α/Fe ratio is alulated with the Tripio & Bell (1995) index
response funtions, following the method introdued by Trager et al. (2000a).
At sub-solar metalliities we alibrate our models on galati globular lusters,
putting partiular attention to the derivation of α/Fe ratios. The base SSP
models of Maraston (1998, 2002)like all population synthesis models up to
nowrely on stellar libraries that reet the hemial history of the Milky
Way. They are therefore biased towards super-solar α/Fe ratios at sub-solar
metalliities. We orret for this bias, so that our new SSP models reet
onstant α/Fe ratios at all metalliities.
For the sample of early-type galaxies investigated here, we nd that α/Fe
ratios orrelate well with veloity dispersion σ, independent of the environ-
mental density. Elliptial galaxies and the majority of lentiular galaxies
additionally exhibit a good orrelation of α/Fe ratio with average age. These
results strongly support the view that the inrease of α/Fe with inreasing
veloity dispersion is due to a derease of star formation timesales rather
than due to a attening of the IMF. We show that more massive elliptials
have higher average ages and higher α/Fe ratios, beause of earlier formation
epohs and shorter formation timesales of their stellar populations. This
observational result is not mathed by urrent models of hierarhial galaxy
formation, mainly beause they predit too extended star formation histories
for massive elliptials.
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